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Abstract
The effects of quark-sector Lorentz violation on deep inelastic electron-proton scattering are studied. We show that existing data
can be used to establish first constraints on numerous coefficients for Lorentz violation in the quark sector at an estimated sensitivity
of parts in a million.
1. Introduction
Deep inelastic scattering (DIS) provides key experimental
evidence for the existence of quarks and the validity of quan-
tum chromodynamics (QCD). In early experiments on electron-
proton scattering, the DIS cross section was discovered to vary
only weakly with momentum transfer [1], and the invariance of
the DIS form factors under scaling [2] revealed that nucleons
contain partons [3]. Subsequent DIS studies with electrons and
neutrinos have confirmed this picture and verified predictions
of QCD, and DIS continues to be an essential tool in searches
for new physics [4].
One proposal for new physics is tiny observable violations of
Lorentz invariance, which could emerge as a byproduct of the
unification of gravity and quantum physics in a Planck-scale
theory such as strings [5]. Many sensitive searches for Lorentz
violations have been performed in recent years, spanning most
sectors of the StandardModel (SM) as well as gravity [6]. How-
ever, direct information about the Lorentz properties of quarks
is comparatively difficult to obtain. In the present work, we
investigate the prospects of using DIS as a tool to search for
Lorentz violation. We obtain dominant Lorentz-violating cor-
rections to the DIS cross section for electron-proton scatter-
ing and use data from the Hadronen-Elektronen Ring Anlage
(HERA) [7] to estimate attainable sensitivities in a dedicated
analysis searching for Lorentz violation.
Our treatment is based on techniques from effective field
theory, which is appropriate for investigating suppressed sig-
nals from an experimentally inaccessible energy scale [8]. The
realistic effective field theory for general Lorentz violation is
known as the Standard-Model Extension (SME) [9, 10]. Each
Lorentz-violating term in the SME action is a coordinate-
independent contraction of a coefficient for Lorentz violation
with a Lorentz-violating operator, which can be specified in
part by its mass dimension d. Adding all Lorentz-violating
terms to the action for General Relativity coupled to the Stan-
dard Model produces the SME action. Restricting attention to
terms with d ≤ 4 in Minkowski spacetime yields an action that
is power-counting renormalizable, called the minimal SME. In
realistic effective field theory, violation of CPT symmetry im-
plies Lorentz violation [9, 11], so the SME also characterizes
general effects of CPT violation. For reviews of the SME see,
for example, Refs. [6, 12]. Here, we focus attention on the
quark sector of the minimal SME, seeking to identify its pre-
dictions for DIS.
One way to access quark-sector SME coefficients is to take
advantage of the interferometric nature of neutral-meson prop-
agation [13]. Studies of kaon oscillations provide sensitivity to
certain SME coefficients for CPT violation involving the d and
s quarks [14], while oscillations of D, Bd, and Bs mesons have
been used to constrain CPT violation involving also the u, c,
and b quarks [15]. The t quark decays before hadronizing and
so its Lorentz properties cannot be investigated via interfero-
metric methods, but observations of the production and decay
of t-t pairs have been used to constrain SME coefficients for
CPT-even Lorentz violation in the t-quark sector [16], and co-
efficients for CPT-odd Lorentz violation are accessible to stud-
ies of single-t production and decay [17]. A few ultrarelativistic
constraints on quark-sector coefficients have also been obtained
from high-energy cosmic rays [18].
The primary goal of the present work is to show explic-
itly that electron-proton DIS can access spin-independent and
CPT-even Lorentz violation involving u and d quarks, about
which direct information is lacking in the literature. Indirect
clues can be gleaned from other experiments involving nu-
clei or hadrons [6], but extracting direct quark-sector bounds
from these requires disentangling possible Lorentz-violating ef-
fects from quarks, gluons, and sea constituents. Theoretical
techniques such as Lorentz-violating chiral perturbation theory,
which to date have been used to interrelate various hadron SME
coefficients [19], could in principle also shed light on this issue.
In any event, electron-proton DIS is of particular interest in this
context because it is well measured, can be calculated with suf-
ficient accuracy, and is comparatively simple in that only one of
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Figure 1: DIS of an electron (momentum kµ) off a proton (momentum pµ).
the two colliding species involves quarks.
2. Setup
Since DIS is a high-energy process with momentum trans-
fer greater than the proton mass, asymptotic freedom allows a
perturbative treatment. At zeroth order in the strong coupling
constant gs, the interactions among quarks are neglected and the
photon exchanged between the electron and the proton interacts
with partons carrying a fraction of the proton total momentum.
We focus on calculating the tree-level impact of Lorentz viola-
tion on this process, shown in Fig. 1.
For simplicity and definiteness, we limit attention to domi-
nant effects in unpolarized electron-proton DIS and we neglect
possible quark flavor-changing couplings. It is reasonable also
to neglect electron- and photon-sector Lorentz violation, which
are constrained well below levels attainable here [6]. The pri-
mary Lorentz-violating behavior can therefore be expected to
arise from spin-independent CPT-even operators in the quark
sector of the minimal SME. Including the two valence-quark
flavors f = u, d for the proton, the relevant part of the Lagrange
density for Lorentz-violating QCD augmented by electromag-
netic couplings [9] is then
L ⊃
∑
f=u,d
(ηµν + c
µν
f
)ψ f (
1
2
γµi
↔
∂ν −q fγµAν)ψ f . (1)
The dimensionless SME coefficients c
µν
f
control the magnitude
of the Lorentz violation and can be taken as constant in an
inertial frame in the vicinity of the Earth [9], which insures
energy and momentum remain conserved. The coefficients
modify the dispersion relation of the quarks, which propagate
along pseudo-Finsler geodesics [20]. In the high-energy limit
Q2 = −q2 ≫ M2, where M is the mass of the proton, we can
disregard the strong interactions and view the quarks as inter-
acting only with the photon through their charges q f . Nonethe-
less, the couplings in L reveal that the DIS cross section is
affected by the quark-sector SME coefficients c
µν
f
in Lorentz-
violating QCD.
The form of the Lagrange density L is simplified by the pos-
sibility of performing coordinate choices and field redefinitions
that leave unaffected the observable physics [9, 10, 21]. For ex-
ample, the contractions in the Maxwell term − 1
4
FµνF
µν could
in principle be performed with an effective metric involving the
photon-sector coefficient (kF)α
µαν for Lorentz violation, but a
suitable choice of coordinates can always absorb this into the
coefficients c
µν
f
and the corresponding electron-sector coeffi-
cient c
µν
e . If desired, the general case can be recovered via the
substitutions c
µν
f
→ c
µν
f
+ 1
2
(kF )α
µαν and c
µν
e → c
µν
e +
1
2
(kF)α
µαν.
In this context, disregarding Lorentz violation in the electron
and photon sectors amounts to assuming that the combination
c
µν
e +
1
2
(kF)α
µαν is negligible based on existing precision tests of
Lorentz invariance [6]. Field redefinitions also insure that spin-
independent CPT-odd effects are unobservable at this level, and
they imply that the coefficients c
µν
f
can be taken as symmet-
ric without loss of generality. The trace ηµνc
µν
f
produces no
Lorentz-violating effects and can be set to zero. The Lorentz-
violating physics of interest here is therefore controlled by nine
independent components of c
µν
f
for each quark flavor f .
To initiate the calculation, we first consider the DIS ampli-
tude of Fig. 1 for a single quark of flavor f ,
iM = −4πiα u(k′)γµu(k)
ηµν
q2
∫
d4x eiq·x〈X|Jν(x)|p〉, (2)
where α is the fine structure constant, Jµ(x) = q fψ f (x)Γ
µ
f
ψ f (x)
is the quark electromagnetic current with Γ
µ
f
= γµ + c
νµ
f
γν, and
where |p〉 and |X〉 are interaction-picture kets for the proton and
the final-state hadrons, respectively. Squaring this amplitude
and summing over all possible final states X gives
∑
X
∫
dΠX |M|
2 =
16πα2
q4
[
u(k)γνu(k′) u(k′)γµu(k)
]
×
∑
X
∫
dΠX〈p|Jν(−q)|X〉〈X|Jµ(q)|p〉, (3)
where Jµ(q) is the Fourier transform of the current. After av-
eraging over the spins as required for an unpolarized cross sec-
tion, the term in brackets involving the electron-photon interac-
tion yields the electron tensor Lµν = 2(kµk′ν + kνk′µ − k · k′ηµν).
The part involving the sum over X corresponds to the photon-
proton interaction and depends on the quark-sector coefficients
for Lorentz violation via the current Jµ(q). It is related to the
proton tensor
Wµν = i
∫
d4x eiq·x〈p|Jµ(x)Jν(0)|p〉 (4)
via the optical theorem,
∑
X
∫
dΠX〈p|Jν(−q)|X〉〈X|Jµ(q)|p〉 = 2 ImWµν, (5)
as illustrated in Fig. 2. The proton tensor (4) contains the in-
formation about the photon-proton interaction and interactions
among the proton constituents.
To obtain the unpolarized DIS differential cross section from
the spin-averaged squared amplitude, we must divide by the
flux factor F. Typically, care is required in defining F in
Lorentz-violating situations because it is frame dependent. To
write F in terms of the Mandelstam variable s requires using
2
Figure 2: Optical theorem for the photon-proton interaction.
the momentum-velocity relation, which is modified in the pres-
ence of Lorentz violation [22]. However, the flux factor here
is associated with the initial electron and proton states, while
the Lorentz violation concerns only the internal structure of the
proton. The short-wavelength photon involved in DIS sees only
the quark substructure, and so the flux factor can be taken to
be F = 2s = 2(k + p)2 as usual. In effect, since proton-sector
Lorentz violation is well constrained [6], we can neglect it for
present purposes.
The differential cross section depends on the phase-space
variables for the scattered electron. The trajectory of the fi-
nal electron lies along a cone of opening angle θ equal to the
scattering angle. In the Lorentz-invariant case, the physics
is independent of the azimuthal angle φ around this cone or,
equivalently, of the orientation of the plane defined by the
incoming and scattered electron. However, in the presence
of Lorentz violation, the physics depends on the direction of
travel of the scattered quark relative to c
µν
f
, which via energy-
momentum conservation is equivalent to dependence on φ. The
conventional two dimensionless variables used to characterize
the phase space, Bjorken x and y, must therefore be supple-
mented with a third variable corresponding to φ. While this
third variable might be defined in a frame-independent way us-
ing products of c
µν
f
with the 4-momenta, it is more transparent
for present purposes to work directly in a specified frame. For
definiteness, we adopt a detector frame having z axis in the di-
rection of the incoming electron, with the 4-momenta of the in-
coming electron, incoming proton, and outgoing electron given
by kµ = E(1, kˆ), pµ = Ep(1,−kˆ), and k
′ = E′(1, kˆ′), respec-
tively, where kˆ = (0, 0, 1), kˆ′ = (sin θ cos φ, sin θ sin φ, cos θ).
The standard x and y variables are
x =
−q2
2p · q
=
E′2
4EEp
sin2 θ
y(1 − y)
,
y =
p · q
p · k
= 1 −
E′
2E
(1 + cos θ), (6)
and we choose x, y, and φ to parametrize the phase space for
the differential cross section.
With the above considerations, the unpolarized differential
cross section takes the form
dσ
dxdydφ
=
α2y
2πq4
Lµν ImWµν. (7)
The spin average inWµν is understood. The form ofWµν can be
determined perturbatively, as the strong interaction is subdom-
inant for Q2 = −q2 ≫ M2. One standard method is to write
a general tensorial structure for the vectors p and q, using the
Ward identities to fix its form. In the presence of Lorentz viola-
tion, this approach is involved because the coefficients c
µν
f
can
also appear. Instead, we proceed below using the optical theo-
rem and the Cutkosky rules, and we confirm the results via an
alternative approach based on the operator-product expansion
(OPE) in Sec. 4.
3. Cross section
The parton model can be used to calculate the explicit form
of the proton tensorWµν. In this approach, the photon interacts
only with a parton f in the state |ξp〉 carrying a fraction ξ of the
proton 4-momentum p,
Wµν ≈ i
∫
d4x eiq·x
∫ 1
0
dξ
∑
f
f f (ξ)
ξ
〈ξp|Jµ(x)Jν(0)|ξp〉. (8)
Here, the parton distribution function (PDF) f f (ξ) is the prob-
ability of finding a parton f carrying a momentum ξp. Both
quarks and antiquarks of species f are included in the sum,
and the notation suppresses the Q2 dependence of the PDF for
simplicity. The parton propagates according to the Lorentz-
violating dispersion relation, and the integral over ξ allows for
all possible fractions of p. In this approach, we take the domi-
nant effects from Lorentz violation as arising in the matrix ele-
ment and neglect possible effects in the PDF. Studying these ef-
fects is an interesting open challenge, although they are unlikely
to change the order of magnitudes of the sensitivities estimated
below. Note that the results obtained in this section using the
parton expression (8) are supported by the OPE evaluation of
Eq. (4) presented in Sec. 4.
Inserting the explicit form of Jµ, applying Wick’s theorem at
zeroth order in gs, converting to momentum space, and taking
the average over spins yields
Wµν = − 1
2
∫ 1
0
dξ
∑
f
q2f
f f (ξ)
ξ
tr [ξΓα
f
pαΓ
µ
f
(ξΓ
β
f
pβ + Γ
β
f
qβ)Γ
ν
f
]
(ξΓ
β
f
pβ + Γ
β
f
qβ)2 + iǫ
+(µ↔ ν, q↔ −q). (9)
In calculating the trace, terms beyond first order in c
µν
f
can be
neglected.
The propagator denominator can be written as
(ξΓ
β
f
pβ + Γ
β
f
qβ)
2 + iǫ = (ξp + q)2 + 2c
ξp+q ξp+q
f
+ iǫ
≈ −Q2 + 2ξp · q + 2c
qq
f
+2ξ(c
qp
f
+ c
pq
f
) + 2ξ2c
pp
f
+ iǫ
= q˜2 + 2ξ p˜ · q˜ + 2ξ2c
pp
f
+ iǫ, (10)
where we introduced the notation c
µα
f
pα ≡ c
µp
f
and p˜µ ≡
pµ + c
µp
f
. We neglect terms proportional to the proton mass
M because M2 ≪ Q2 and M2 ≪ 2p · q in the DIS limit. Note
that the term c
pp
f
can be neglected only in the rest frame of the
proton.
3
The sole contribution to the imaginary part of the proton ten-
sor comes from the propagator term shown explicitly in Eq. (9),
Im
 −1
(ξΓ
β
f
pβ + Γ
β
f
qβ)2 + iǫ
 = πδ(−Q˜2 + 2ξ p˜ · q˜ + 2ξ2cppf )
= δ f δ(ξ − x
′
f ), (11)
where only the relevant root for ξ and terms linear in c
µν
f
are
kept. Here,
δ f =
π
ys
(
1 −
2
ys
(c
pq
f
+ c
qp
f
+ 2xc
pp
f
)
)
, (12)
and x′
f
= x − x f is the Bjorken x shifted by a factor
x f =
2
ys
(c
qq
f
+ xc
pq
f
+ xc
qp
f
+ x2c
pp
f
), (13)
with s ≈ 2k · p. The corresponding delta function for the other
propagator term has no zeros and so gives no contribution to the
DIS cross section.
To obtain the DIS differential cross section, we first contract
the imaginary part of the proton tensor with Lµν and then eval-
uate the ξ integral. This gives
dσ
dxdydφ
=
α2
q4
∑
f
F2 f
[
ys2
π
(1 + (1 − y)2)δ f +
y2s
x
x f
−
4M2
s
(ckk
′
f + c
k′k
f ) + 4(c
k′p
f
+ c
pk′
f
) +
4
x
(1 − y)ckkf
−4xyc
pp
f
−
4
x
ck
′k′
f + 4(1 − y)(c
kp
f
+ c
pk
f
)
]
, (14)
where
F2 f = q
2
f f f (x
′
f )x
′
f (15)
represents the contribution from a parton f to the proton form
factor, incorporating Lorentz-violation effects.
For large momentum transfer Q2 ∼
> m2
Z
, where mZ is the Z
0-
boson mass, Z0 exchange must be included in the DIS process
of Fig. 1. The squared amplitude |M|2 in the expression (3)
then takes the form |M|2 = |Mγ|
2 +M∗γMZ +M
∗
Z
Mγ + |MZ |
2,
where the indices γ and Z0 denote photon and Z0 exchanges,
respectively. This yields three additional pieces for both the
proton and the electron tensors. The propagator 1/q4 in the
cross section (7) is replaced by (q2−m2
Z
)/(q2[(q2−m2
Z
)2+Γ2
Z
m2
Z
])
for the two interference terms, while the propagator becomes
1/[(q2 − m2
Z
)2 + Γ2
Z
m2
Z
] for the |MZ |
2 term, where ΓZ is the Z
0
width. After some calculation, we find the full cross section
takes the form
dσ
dxdydφ
= −
α2y
πq4
∑
f
q2
f
f f (x
′
f
)
x′
f
δ fL
µνω
f
µν
−
α2y(1 − m2
Z
/q2)
π[(q2 − m2
Z
)2 + Γ2
Z
m2
Z
]
∑
f
q f f f (x
′
f
)T
f
3
x′
f
δ f
×
v f (θW)ve(θW )Lµνω fµν − x
′
f
sQ2
4s2
W
c2
W
(y − 2)

−
α2y
16π[(q2 − m2
Z
)2 + Γ2
Z
m2
Z
]
∑
f
f f (x
′
f
)
x′
f
δ f
×
[ v2f (θW ) + 1
4s2
W
c2
W

v2e(θW ) + 1
4s2
W
c2
W
 Lµνω fµν
+
x′
f
sQ2
s2
W
c2
W
v f (θW )ve(θW )(y − 2)
]
, (16)
where
ω
µν
f
= (ηµν + 2c
µν
f
)(x′
2
f p
2 + x′f p · q) − 2x
′2
f p
µpν
−[x′f (2x
′
f c
µp
f
+ 2x′f c
pµ
f
+ c
qµ
f
+ c
µq
f
)pν + (µ↔ ν)]
+ηµν(2x′
2
f c
pp
f
+ x′f c
pq
f
+ x′f c
qp
f
) + . . . , (17)
with the ellipsis representing terms that vanish when contracted
with the electron tensor. In Eq. (16), we abbreviate sW ≡ sin θW ,
cW ≡ cos θW and define
vu(θW ) =
4qus
2
W
− 1
2sWcW
, vd(θW ) = −
4qds
2
W
+ 1
2sWcW
,
ve(θW ) =
4qes
2
W
+ 1
2sWcW
, (18)
where qu = 2/3, qd = −1/3, T
u
3
= 1/2, T d
3
= −1/2.
4. Operator-product expansion
To validate our result, we can recalculate the cross section
using the OPE to evaluate the product of the two electromag-
netic currents in the proton tensor (4). Next, this calculation is
briefly outlined, following the presentation of Ref. [23].
At zeroth order in gs and for a given flavor f , the dominant
terms in the OPE of the two currents take the form
ψ f (x)Γ
µ
f
ψ f (x) ψ f (0)Γ
ν
fψ f (0) ⊃ ψ f (x)Γ
µ
f
ψ f (x) ψ f (0)Γ
ν
fψ f (0)
+ψ f (x)Γ
µ
f
ψ f (x) ψ f (0)Γ
ν
f
ψ f (0) + . . . , (19)
where the field contractions are propagators that are singular for
x→ 0. Other possible terms are subdominant at short distances,
including those involving quark fields of different flavors.
Implementing the Fourier transform in Eq. (4) on the first
contraction in Eq. (19) yields∫
d4x eiq·xψ f (x)Γ
µ
f
ψ f (x) ψ f (0)Γ
ν
fψ f (0) =
ψ f (x)Γ
µ
f
i(i˜/∂ + /˜q)
(i˜∂ + q˜)2
Γνfψ f (0), (20)
4
where q is the photon momentum and the derivative i∂µ rep-
resents the momentum carried by the quark field. Averaging
over the spins symmetrizes this expression in µ and ν. In the
high-energy limit, we can write
1
(i˜∂ + q˜)2
≈ −
1
Q˜2
∞∑
n=0
2i˜q · ∂˜
Q˜2
n , (21)
where we disregard terms involving ∂˜2/Q˜2 because this is pro-
portional to (ξ p˜)2/Q2 = (ξM)2/Q2 and so is negligible for
Q2 ≫ M2, 2p · q ≫ M2. The Fourier transform of the sec-
ond contraction in Eq. (19) involves instead a propagator from
x to 0, which produces a result of the form (21) but with the
opposite sign for q˜. Combining the two contractions therefore
eliminates all the terms with odd n in the sum (21).
The proton tensorWµν is the expectation value of this result,
which requires evaluating products of the momenta i˜∂µ in the
state |p〉. The dominant contributions to Wµν arise from op-
erators of smallest nontrivial twist. These involve symmetrized
indices, generating a symmetric product of proton momenta p˜µ,
〈p|ψ f (x)γ
(µ1(i˜∂µ2) . . . (i˜∂µn))ψ f (0)|p〉 ≈ 2A
n
f p˜
µ1 . . . p˜µn , (22)
where An
f
are the moments of the PDF. In effect, this approxi-
mation treats the dominant effects of Lorentz violation as aris-
ing from the replacement ηµν → ηµν + c
µν
f
in the conventional
Lorentz-invariant result. The moments are observer scalars and
unchanged by Lorentz violation, and the running of the PDF is
unaffected by Lorentz violation at this order [24], so the PDF
maintain standard properties. We neglect contributions from
trace terms for simplicity. The expression (22) is gauge invari-
ant because the derivative i˜∂µ is indistinguishable from the co-
variant derivative at zeroth order in αs. Dropping terms propor-
tional to qµ that vanish when contracted with the lepton tensor,
qµLµν = 0, we find the proton tensor takes the form
Wµν ≈
∑
f
[
pµpν + pµ(c
pν
f
+ c
νp
f
) + pν(c
pµ
f
+ c
µp
f
)
]
W2 f
−
∑
f
[
ηµν + (c
µν
f
+ c
νµ
f
) −
(
pµ
q˜ · p˜
(c
νq
f
+ c
qν
f
) + (µ↔ ν)
)]
W1 f .
(23)
Here, the partial proton form factors are defined as
W1 f = 2q
2
f
∞∑
n=2
(2q˜ · p˜)n
(Q˜2)n
Anf ,
W2 f = 8q
2
f
∞∑
n=2
(2q˜ · p˜)n−2
(Q˜2)n−1
Anf (24)
with n even. Modulo trace terms, they obey a Lorentz-violating
version of the Callan-Gross relation [25],
W1 f =
p˜ · q˜
2x′
f
W2 f . (25)
Calculating the differential cross section using Eq. (23) and
identifying ImW2 f = 2πF2 f/ p˜ · q˜ yields the result (14) obtained
via the optical theorem up to neglected trace terms, as expected.
5. Estimated constraints
An impressive set of DIS data for electron-proton and
positron-proton scattering has been accumulated by the H1 and
ZEUS collaborations at HERA [7]. These data span six orders
of magnitude in both x and Q2. Here, we explore the prospects
for extracting measurements of the coefficients c
µν
f
from the
combined neutral-current cross-section measurements, involv-
ing 644 different values of x and Q2. Note that these data in-
cludemeasurements at x ≪ 1 for which some Lorentz-violating
effects are enhanced, as can be seen by inspection of the results
(14) and (16). The data were taken at an electron-beam energy
of E = 27.5 GeV, while the proton-beam energies used were
Ep = 920 GeV, 820 GeV, 575 GeV, and 460 GeV.
The explicit form of the coefficients c
µν
f
for Lorentz viola-
tion is frame dependent, so a standard frame must be adopted
to establish results. The canonical choice is the Sun-centered
celestial-equatorial frame [26], with cartesian coordinates de-
noted by (T, X, Y, Z). The origin for T is specified as the 2000
vernal equinox, when the X axis points from the Earth to the
Sun. The Z axis matches the rotation axis of the Earth. The
Sun-centered frame is effectively inertial over the time scale of
most laboratory experiments, including the 15-year period dur-
ing which the HERA data were obtained. At HERA, which is
located at longitude λ ≃ 9.88◦, the local sidereal time T⊕ differs
from T by an offset T0 ≡ T − T⊕ ≃ 3.75 h [27]. Since the co-
efficients c
µν
f
can be taken symmetric and traceless, the goal of
an experimental analysis is to measure for each quark flavor f
the nine independent components cTX
f
, cTY
f
, cTZ
f
, cXX
f
, cXY
f
, cXZ
f
,
cYY
f
, cYZ
f
, cZZ
f
expressed in the Sun-centered frame.
The coefficients c
µν
f
can be taken as constants in the Sun-
centered frame [9]. The rotation of the Earth then implies that in
a detector frame they vary with T⊕ at harmonics of the Earth’s
sidereal frequency ω⊕ ≃ 2π/(23 h 56 min) [13]. The differ-
ential cross section (16), which is valid in any given detector
frame, therefore also varies with time. To obtain the explicit
form of this time dependence, we can transform from the Sun-
centered frame to the detector frame. The transformation can be
taken as nonrelativistic to an excellent approximation. At H1,
the electron beam travels approximately ϕ ≃ 20◦ north of east,
while at ZEUS it travels approximately 20◦ south of west, so the
detector frame and therefore the relevant transformation differs
in each case. The two required transformations are rotations,
R =

±1 0 0
0 0 1
0 ∓1 0


cosϕ sin ϕ 0
− sinϕ cosϕ 0
0 0 1

×

cosχ cosω⊕T⊕ cosχ sinω⊕T⊕ − sinχ
− sinω⊕T⊕ cosω⊕T⊕ 0
sin χ cosω⊕T⊕ sin χ sinω⊕T⊕ cosχ
 , (26)
where the top and bottom signs hold for H1 and ZEUS, respec-
tively, and where the HERA colatitude is χ ≃ 36.4◦.
Under this rotation, the differential cross section (16) ac-
quires time dependence involving up to second harmonics in
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ω⊕. We can therefore write the integrated cross section as
σ(T⊕, x,Q
2) = σSM(x,Q
2)
(
1 + c
µν
f
α
f
µν
+c
µν
f
β
f
µν cosω⊕T⊕ + c
µν
f
γ
f
µν sinω⊕T⊕
+c
µν
f
δ
f
µν cos 2ω⊕T⊕ + c
µν
f
ǫ
f
µν sin 2ω⊕T⊕
)
, (27)
where α
f
µν, β
f
µν, γ
f
µν, δ
f
µν, ǫ
f
µν are functions of x and Q
2 and a sum
over f is understood. These functions can be extracted from
the result (16) and are determined in terms of SM parameters
and the proton PDF. In what follows, we adopt values for SM
parameters taken from the Particle Data Group [28] and obtain
the proton PDF using the programManeParse [29, 30] and cen-
tral values taken from the CT10 set [31]. Many components of
the functions α
f
µν, β
f
µν, γ
f
µν, δ
f
µν, ǫ
f
µν are zero. For example, direct
consideration of the rotation properties associated with the co-
efficients c
µν
f
reveals that the combination cTT
f
≡ cXX
f
+cYY
f
+cZZ
f
and the components cTZ
f
and cZZ
f
are the only ones that yield a
time-independent contribution to the cross section, so the func-
tions α
f
µν are nonvanishing only for these components. Simi-
larly, the cross-section oscillations at frequencyω⊕ depend only
on the components cTX
f
, cTY
f
, cYZ
f
, and cXZ
f
, while the oscillations
at 2ω⊕ involves only the component c
XY
f
and the combination
cXX
f
− cYY
f
.
Since the HERA data were taken over many years,
any studies of the time-averaged cross section σ(x,Q2) ∝∫
dT⊕ σ(T⊕, x,Q
2) effectively average away the possible
Lorentz-violating effects from the oscillatory terms in the cross
section (27). Such studies are thus sensitive only to the in-
trinsically time-independent piece, which involves an x- and
Q2-dependent rescaling of the conventional SM cross section
σSM(x,Q
2). However, the HERAmeasurements are included in
the global fits used to extract the proton PDF, so the SM predic-
tions for these observables necessarily agree with the data. The
absence of an SM prediction independent of the HERA dataset
makes it challenging to extract reliable bounds on SME coeffi-
cients from the time-averaged cross section, even taking advan-
tage of the x and Q2 dependence. In addition, the components
cTTu and c
TT
u are related to the ultrarelativistic coefficients c˚
UR(4)
u
and c˚
UR(4)
d
relevant to certain astrophysical studies of Lorentz
violation and are already constrained to exceptional sensitivity,
|cTT
f
| ≡ |3c˚
UR(4)
f
/4| ∼
< 1.8 × 10−21 [18].
In contrast, the time-dependent pieces of the cross section
(27) provide a unique signal for Lorentz violation involving co-
efficients that to date are unconstrained by direct measurement.
A search for sidereal-time dependence of the cross sections in
the HERA dataset would thereby permit first measurements of
12 of the 18 components of the SME coefficients for Lorentz
violation c
µν
f
, f = u, d expressed in the Sun-centered frame. In
the SM, when Q2 is large enough for asymptotic freedom to
manifest but small enough so that radiative corrections can be
neglected, the proton structure function exhibits Bjorken scal-
ing, becoming independent of Q2. However, the presence of
Lorentz violation induces a nontrivial tree-level dependence on
Q2 in the reduced cross section and the proton structure func-
tion. Here, we use the sidereal variation and dependence on x
and Q2 to estimate the sensitivity attainable in a data analysis.
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Figure 3: Estimated 95% C.L. constraints on magnitudes of c
µν
u from each
HERA data point.
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Figure 4: Estimated 95% C.L. constraints on magnitudes of c
µν
d
from each
HERA data point.
Coefficient Individual Combined
|cTXu | < 4 × 10
−5 < 1 × 10−5
|cTYu | < 4 × 10
−5 < 1 × 10−5
|cXZu | < 4 × 10
−5 < 5 × 10−6
|cYZu | < 4 × 10
−5 < 5 × 10−6
|cXYu | < 4 × 10
−5 < 3 × 10−6
|cXXu − c
YY
u | < 1 × 10
−5 < 8 × 10−6
|cTX
d
| < 3 × 10−4 < 1 × 10−4
|cTY
d
| < 3 × 10−4 < 1 × 10−4
|cXZ
d
| < 4 × 10−5 < 2 × 10−5
|cYZ
d
| < 4 × 10−5 < 2 × 10−5
|cXY
d
| < 2 × 10−5 < 1 × 10−5
|cXX
d
− cYY
d
| < 5 × 10−5 < 3 × 10−5
Table 1: Best estimated 95% C.L. constraints on magnitudes of c
µν
u and c
µν
d
.
For simplicity and following accepted procedure [6], we
study in turn each of the 12 relevant components of c
µν
f
, setting
the others to zero. To explore the potential sensitivity attain-
able to studies of sidereal-time variations, we use the reported
HERA value and experimental uncertainty for each measured
differential cross section [7], as follows. For each measure-
ment, we integrate the cross section (27) into four equal-sized
bins in sidereal time, defined starting at T⊕ = 0. At fixed x
and Q2, the integrated cross section depends on σSM(x,Q
2) and
the chosen component of c
µν
f
. For each x and Q2, we construct
a set of 1000 randomized pseudoexperiments, each with mean
cross section equal to the reported value and with statistical er-
ror per bin equal to the reported experimental uncertainty scaled
by the square root of the number of bins. For each pseudoex-
periment, we construct a χ2 distribution involving four binned
measurements and the two fit variables σSM(x,Q
2) and c
µν
f
, and
we extract the 95% upper bound on the chosen component of
|c
µν
f
|. The estimated constraint on the component is then taken
as the median of the upper bounds over all pseudoexperiments.
The results of this analysis for each of the relevant compo-
nents of c
µν
u and c
µν
d
are presented in Figs. 3 and 4, respectively.
Each panel shows the expected upper bound as a function of Q2
(left) and x (right). Each point is constructed from one of the
644 neutral-current HERA measurements [7]. The strongest in-
dividual constraints come mostly from measurements at low x
and low Q2, close to the kinematical boundary Q2 = sx, and
they are summarized in Table 1. By construction, the con-
straints we find are two-sided and symmetric. Note that in a
real analysis, more bins could help refine the study of the sec-
ond harmonics. Also, the DIS cross sections for H1 and ZEUS
are distinct due to the different rotations (26), so the two detec-
tors have different sensitivities to Lorentz violation. However,
as the beam directions at the two detectors are opposite, keep-
ing only one coefficient component at a time implies that the
two cross sections are related by a parity transformation, and
they therefore reduce to equivalent forms for the present analy-
sis.
7
Finally, we perform a global sidereal-time analysis of the
whole HERA dataset, combining all measurements into a sin-
gle χ2 distribution. The estimated constraints obtained via this
procedure are also listed in Table 1. They are stronger than the
best single-measurement constraints because the global analy-
sis takes full advantage of correlations between the binned in-
tegrated cross sections at different values of x and Q2.
To summarize, in this work we obtained expressions for the
Lorentz-violating differential cross section for DIS of electrons
on protons. We showed that data taken at HERA have the po-
tential to place first constraints on certain types of Lorentz vi-
olation in the quark sector by searching for oscillations of the
measured cross section at harmonics of the Earth’s sidereal fre-
quency. Our estimates reveal a potential sensitivity of parts in a
million could be attained to certain dimensionless quark coeffi-
cients c
µν
f
for Lorentz violation.
Related studies could also be performed for DIS data for
proton-antiproton interactions in the Tevatron collider at Fer-
milab and for proton-proton interactions in the Large Hadron
Collider at CERN. Incorporating spin dependence in the the-
ory could also reveal sensitivity to other coefficients and open
the possibility of experimental constraints from polarized DIS,
potentially also including muon-sector effects. Extending the
analysis to include Lorentz violation in the sea could allow first
constraints on certain gluon coefficients and other quark flavors.
The prospects for future direct investigations of quark-sector
Lorentz violation are excellent.
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